In Sri Lanka, mangrove forests are scattered along the north-western, north eastern, Jaffna Peninsula and eastern coastal belt. The total estimated extent of mangroves in the country is about 87 km 2 . Estimation of Above Ground Biomass (AGB) of mangroves is a challenging task due to field sampling difficulties. Use of satellite based remote sensing technologies is becoming popular for estimation of AGB for different vegetation types. To overcome the limitations during field sampling and to identify the possibility of using SAR data for AGB estimation, ALOS PALSAR satellite data were used to estimate AGB of mangroves and associated vegetation in Muthurajawela-Negombo wetland in Sri Lanka. Diameter at Breast Height (DBH) measurements over 5cm of eighteen (18) sampling plots (10x10 m) were collected and the relevant allometric equation was used to estimate the AGB. Backscatter coefficient values of HH and HV polarization of ALOS -PALSAR images were used to estimate the AGB of mangroves using a previously derived model. Finally, an AGB map of mangrove associated vegetation was developed for the study area using ALOS PALSAR data as a method of minimizing field work while saving time and cost. According to the results, the average AGB is observed as 65t/ha from the field sampling method (28 -135 t/ha) while it was estimated as 76 t/ha (33-155 t/ha) using PALSAR which shows an overestimation by 17%. A significant overestimation by the remote sensing method is occurred when the tree height is more than 5 m. Though it shows an overestimation, the map developed using this approach is helpful to understand the distribution of AGB within mangrove associated vegetation systems where field sampling is a challenging task.
INTRODUCTION
All the living organisms above the soil is referred as the Above Ground Biomass (AGB). Natural ecosystems like forests store a massive quantity of biomass and the accurate quantification of it is a challenging task. The most accurate way of estimating forest biomass is the destructive sampling which consumes time and money. A far more efficient method, with well-established accuracy is to measure the above ground dimensions of trees to estimate weights (Brown et al., 1989) . The use of remote sensing technology has become a very effective approach to biomass estimation since it is non destructive and effective in terms of cost and time.
Traditional inventory of forest parameters based on fieldworks is often difficult, costly and time consuming to conduct in large areas. Complexity of structure and inaccessible nature of many mangrove forests limits the feasibility of ground based inventory for biomass estimation. However, remote sensing is one of the feasible ways to acquire forest stand parameter information at a reasonable cost with an acceptable accuracy. Advanced new remote sensing techniques such as multi-sensor data fusion, increased spatial and spectral resolution and integration possibility with Geographical Information Systems (GIS) have made the remotely sensed data a primary source for many biomass estimation applications (Namayanga, 2002) .
In Sri Lanka, mangrove forests are scattered mainly along the north-western, north eastern, Jaffna Peninsula and eastern coasts bordering lagoons and river estuaries. The area extent covered by the mangrove forests is estimated at only 87 km 2 . Majority of the mangrove forest areas have been subjected to human interferences hence undisturbed mangrove forests are seldom found. In most areas, the mangrove forests are usually restricted to a narrow strip (Legg and Jewell, 1995) .
Mangrove Forest of Sri Lanka
Two major types of mangrove forests, namely, low-saline and high-saline, could be distinguished by the floristic composition. Three other specialized high saline types, scrub, over wash, and basin, are also sometimes can be distinguished depending on the flooding characteristics and topography (Silva and Silva, 1998) . Twenty three true mangrove species of trees and shrubs have been recorded in Sri Lanka, the common species being Rhizophora mucronata, Avicennia marina, Excoecaria agallocha, Acanthus ilicifolius, Lumnitzera racemosa, Sonneratia caseolaris, Bruguiera gymnorhiza and Aegiceras corniculatum. The rare species are Ceriops decandra, Sonnera tiaapetala, Lumnitzera littorea, Scyphiphora hydrophyllacea and Cynome trairipa, out of them the first three are endangered species in Sri Lanka (The National Red List of Sri Lanka, 2012).
Biomass estimation using SAR data
The ALOS (Advanced Land Observing Satellite) PALSAR (Phased Array type L-band Synthetic Aperture Radar) in 2006 has increased the potential of utilizing radar to measure biomass, as this is the first long-wavelength (L-band, 23-cm wavelength) SAR satellite sensor to have the capability of collecting single, dual, full and Scan-SAR mode with crosspolarized (HV, horizontal-transmit, vertical receive) and co-polarized (HH, horizontaltransmit, horizontal receive; VV, vertical-transmit, vertical receive) data. The HV polarization is useful because it interacts with trees and produces a strong response (Avtar et al., 2013) . Various studies have analyzed the retrieval of Above Ground Biomass (AGB) using radar data in tropical regions (Mitchard et al., 2009 ). These methods are mostly based on empirical or semi-empirical relationships between radar backscatter and ground based data.
There are many studies (Ranasinghe, 1998 (Ranasinghe, , 2001 Amarasinghe and Liyanage, 1996) conducted to describe the ecology and biology of mangroves in Sri Lanka. However, there are no specific studies on biomass estimations of mangroves in the country.
It is not possible to find literature on estimation of AGB using SAR data in Sri Lanka though some studies have been carried out on the use of optical and infrared data (Gunawardena et al., 2006; 2014) . This study attempted to identify the possibility of using SAR data to estimate the AGB of mangrove forest and associated vegetation in Negombo -Muthurajawela area of Sri Lanka using ALOS PALSAR data.
METHODOLOGY

Study site
The selected mangrove area can be found in Muthurajawela -Negombo Lagoon which is a large estuarine located in the western coast of Sri Lanka (Figure 1) . The lagoon is fed by a number of small tributaries and major rivers namely; Dandugan Oya and Hamilton Canal. The estuary is linked to the sea by a narrow channel. The lagoon has extensive mangrove swamps rich in biodiversity. The three islets which are famous for the mangroves are in northern end namely; Kakaduwa, Mandagasalamba and Kadolnallala. Fourteen (14) mangrove species have been found in these islets. Sedimentation has accelerated between the islets and form mud flats which supports the primary generation of mangroves (Pinto, 1982) .
Fig. 1. Study area -Negombo -Muthurajawela wetland of Sri Lanka
Many important aspects have made the Negombo Lagoon and its associated wetland ecosystem very significant. It provides a source for natural products of peat, timber, flowers, vegetable, fruit, grasses for livestock, corals, fish, shrimp, sand and shells, reeds for thatch, salt and clay (CEA, 1994) . Fishing and shrimp farming are the main income generation of the people in the surrounding. According to the studies carried out by Panditharatne (1981) shrimp farming was spreading at an alarming rate around the lagoon and currently majority of the farms are abandoned (Wimalasena and De Mel, 2009 ). Because of the importance of mangroves in this unique eco system of Negombo Lagoon, this study was carried out to find out the biomass association which supports the carbon sink of the environment. Brush-pile fisheries (use of mangrove branches as fish aggregating devices) has been noted in Negombo lagoon, where mangrove branches are piled in the lagoon to act as fish aggregating devices which cause to biomass reduction (Amarasinghe et al., 2011) Data, materials and software
• ALOS PALSAR images of Duel Polarizations (HH, HV) ALOS -PALSAR were used (LED-ALPSRP125690120-H1.5_UA). • GPS locations of field sampling plots and different land uses and land cover.
• ERDAS, PolsarPro, Nest, Remote 10 and ArcMap software were used for image analysis and map generation.
Boundary demarcation of mangroves and associated vegetation
Initial field survey was conducted to collect GPS locations of the study area representing all land use and land cover types. Collected ground truth data were used to carry out an unsupervised classification of Landsat 08 OLI (2014) data which ultimately derived the updated land use/cover map of the area. High resolution IKONOS, Quick Bird and Google Earth images were used to validate the developed land use/cover map. Mangrove and associated vegetation were extracted from the land use/cover maps and a separate thematic layer was created. It was overlaid on PALSAR image to delineate the study area boundary.
Field based biomass estimation
Diameter at Breast Height (DBH) measurements over 5 cm of eighteen (18) sampling plots (10x10 m) have been collected and allometric equation developed by Ong et al. (2004) was applied (Equation 1) to estimate AGB. Field measurement collection was conducted during year 2011 -2012. Canopy cover percentage was also estimated by visual interpretation of high resolution satellite imageries.
Log 10 (AGB) = 2.420 * log 10 (DBH) -1.832 (Equation 1) (Ong et al.,2004) 
Conversion of DN of PALSAR image into backscattering coefficient
In this study, ALOS -PALSAR images with HH and HV duel polarization were used to calculate the biomass. The DN (Digital Number) of the HH and HV polarized images were converted into backscattering coefficient using Equation 2 (Shimada et al., 2009 ). L-band microwaves (wavelength approximating 25 cm) emitted by the ALOS PALSAR penetrate through the foliage and interact primarily with the woody components of vegetation.
Horizontally transmitted waves are either depolarized through volume scattering by branches in the canopy, with a proportion of vertically polarized microwaves returning to the sensor, or penetrate through the canopy and interact with the trunks, returning primarily through double bounce scattering, as a horizontally polarized wave (Lucas et al., 1998) .
σ 0 = 10*log10 (DN2)-83.0 (Equation 2) σ 0 = Backscattering Coefficient
Biomass estimation using backscatter coefficient
Biomass estimation model developed for ALOS PALSAR imageries has been applied to estimate the carbon in Cambodian mangroves and other ecosystems and has obtained significant results (Avtar et al., 2013) The accuracy of estimated AGB was assessed by comparing with field sampled AGB using statistical analysis by t-test. Finally, the AGB map of mangrove and associated vegetation was developed using ALOS PALSAR imagery. The methodology followed in estimation of biomass is presented in Figure 2 . Log 10 (AGB) = 2.420 * log 10 (DBH) -1.832
Landsat 8 OLI Unsupervised Classification
Land cover map
RESULTS AND DISCUSSION
Demarcation of mangrove and associated vegetation using Landsat OLI
Unsupervised classification of Landsat 8 OLI image (2014) which was used to develop the land use/cover map with accuracy checking using Google Earth images and GPS based ground truth information is shown in Figure 3 . There are 8 major land use/cover classes derived for the study area and mangrove with associated vegetation were extracted for field biomass estimation.
Fig. 3. Land use/cover map of study area derived from Landsat OLI image (2014) using unsupervised classification
Comparison of PALSAR estimated AGB with estimations made by field sampling
During field observations, 10 species of mangrove were identified in the study area. Among the mangrove species, Acrostichum aureum, Barringtonia racemose, Rhizophora apiculata, Rhizophora mucronata, Excoecaria agallocha, Acanthus ilicifolius, Lumnitzera racemosa, Sonneratia caseolaris, and Bruguiera gymnorhiza are commonly found in the study area.
According to the field AGB observation, an average of 65 t/ha of AGB was estimated which was ranging from 28 t/ha to 135 t/ha within the plots. Some plots which were dominated with Bruguiera, Rhizophora and Sonneratia spp show high biomass content. Figure 4 presents the AGB estimated using PALSAR data and the field measurements. Accordingly, comparatively high estimation of biomass compared to field estimations can be seen in majority of plots except in plots 2, 6, 13, and 14. According to field observations, these plots consisted with more exposed soil and root which are represented by lower backscatter coefficient. On average, an overestimation of 17.7% of AGB can be identified using PALSAR data. Lucas et al. (2007) also observed lower backscatter in HH polarization in mangroves having extensive prop root systems. Analysis of field collected data revealed that a significant overestimation (plot no 7 and 15) is occurred when the average tree height of the plot is more than 5 meters with higher stem densities and more inundated water which produce high backscattering.
In this study, the average biomass content was estimated as 90.5 t/ha in Muthurajawela -Negombo mangrove wetlands. Study conducted by Eskil et al. (2012) observed the biomass carbon in mangroves in Northwestern coastal zone of Sri Lanka as 35 -149 t/ha using inventory data. Similar study conducted by Lucas et al. (1998) in Southeast Asia and Northern Australia have obtained 100 -120 t/ha of AGB. The results of this study are compatible with the results obtained in the above research. Figure 5 presents the AGB map prepared for the study area. According to the map, AGB density distribution of mangrove and associated vegetation are dominated in lower part (Southern) of the Negombo Lagoon and along Dandugam Oya. There is a sparce distribution of mangroves in the Eastern and Western borders of the lagoon and most of the mangrove vegetation are situated as a thin belt less than 5m in width which is difficult to visualize in the map. 
CONCLUSIONS
The study identified that the AGB estimated using the model developed by Avtar et al. (2013) using backscattering coefficient derived from HH, and HV polarized PALSAR data overestimate the AGB of mangroves compared to the field sampled data. On average, this overestimation is 17.7% for this study.
According to the PALSAR data, the average biomass content of the mangrove forests of the study area is 90.5 t/ha which gives 17% overestimation than the field sampled estimation. Many reasons can be attributed to the deviation of estimated AGB. Among them, biophysical parameters of the mangrove vegetation, inundated water levels, soil exposure levels and associated plants are directly affected to backscatter coefficient of the PALSAR image. In addition, the AGB estimation was carried out with a model derived elsewhere hence it is important to identify its suitability to local mangrove species and their distribution. Further studies with the same SAR data will be helpful to derive a suitable model for the local conditions to asses AGB of Sri Lankan mangroves.
